To use magnetic resonance imaging (MRI) to assess the extent of mastoid opacification after canal wall up (CWU) cholesteatoma surgery.
INTRODUCTION
The role of the mastoid air cell system in middle ear pressure regulation remains incompletely understood. Given the well-described association of small, poorly pneumatized mastoid systems with the development of tympanic membrane retraction and cholesteatoma, elucidation of this function may be relevant to decisions on how to manage the mastoid surgically in chronic ear disease [1] . Historically, some have proposed that the mastoid functions as an air reservoir capable of buffering middle ear pressure changes [2, 3] . It is also considered that gas exchange across a healthy mastoid mucosa is a part of normal middle ear pressure homeostasis [4] . For these reasons, it can be inferred that a large, well-pneumatized mastoid should help to prevent tympanic membrane retraction and cholesteatoma. In line with these concepts, techniques aimed at improving ventilation pathways between the middle ear and mastoid are advocated in surgery for cholesteatoma [5] . A cortical mastoidectomy can also be drilled with the intention of creating a larger and, hypothetically, more effective buffer against pressure change [6] . Nevertheless, recurrence of cholesteatoma after canal wall up (CWU) surgery can be anticipated in more than 25% of cases with long-term follow-up [7] .
Paradoxically, complete obliteration of the mastoid has also long been recommended in the management of cholesteatoma [8, 9] . Recent reports indicate that obliteration of mastoid air spaces is associated with low rates of recurrent cholesteatoma [10] , indeed lower than may be expected from CWU surgery without obliteration. For example, recurrent cholesteatoma rates of around 2% at five-year follow-up have been reported with mastoid obliteration after canal wall down (CWD) surgery in both pediatric and adult patients [11] [12] [13] and also when obliterating the mastoid as part of CWU surgery [14, 15] . Mathematical modeling has led to the hypothesis that obliteration is so effective because removal of gas exchange surfaces in ears with small tympanomastoid volume stabilizes middle ear pressure [16] . Although some comparative case series show no significant difference in outcome with or without Assessment of Mastoid Function with Magnetic Resonance Imaging after Canal Wall Up Cholesteatoma Surgery obliteration [17, 18] , it is notable that no contemporary reports indicate that mastoid obliteration has worse outcomes than other intact canal wall surgery (i.e., mastoid sparing trans-canal surgery or combined approach tympanomastoidectomy (CAT)).
One potential explanation for the failure of either CAT or mastoid-sparing surgery to yield demonstrably less cholesteatoma recurrence than mastoid obliteration is that the approaches do not enhance physiological function as expected: either because the physiological hypotheses such as the air volume reservoir are insufficiently accurate [16] or because surgery does not lead to a ventilated mastoid space as intended. To some extent, the post-operative ventilatory capacity of the mastoid can be assessed by exploration when a second stage is indicated after CWU surgery. In ears that do not need a cortical mastoidectomy or do not develop recurrent disease, however, the true ventilatory capacity of the mastoid is difficult to gauge. To provide a more comprehensive assessment of mastoid status after CWU surgery, we reviewed magnetic resonance imaging (MRI) of the temporal bone in a series of children that had CWU surgery for cholesteatoma.
MATERIALS and METHODS

Patient selection
The Institutional Research Ethics Board approved this study (REB # 1000012951). A prospective database of all patients treated surgically for cholesteatoma by a single surgeon since 2005 was searched to identify all patients in whom post-operative MRI had been obtained to screen for occult cases of residual disease after CWU cholesteatoma surgery. Typically, these scans were performed at least 3 years after the last operation or just prior to referral out of the institution at age 18 years.
Surgical technique
CWU surgeries in these patients were all started with a transcanal approach to the middle ear, either via a post-auricular incision or permeatally via endoscopy. Mastoidectomy was performed when transcanal access to the cholesteatoma remained inadequate after removal of the scutum, as would be the case with significant extension of disease into the mastoid antrum. Drilling was typically restricted to the limits of the cholesteatoma, so that mucosalized air cells in the mastoid were preserved when not involved with cholesteatoma. Additionally, mastoidectomy was carried out when needed for access to medial epitympanic cholesteatoma with intact ossicles in an effort to preserve the integrity of the ossicular chain [19] .
Analysis
A neuroradiologist, blinded to the surgical histories, subsequently reviewed MRI of both ears of all patients and assessed the degree of mastoid and antrum opacification for each temporal bone according to a predetermined, ordinal scale depicted in Table 1 . All images were T2-weighted and reviewed in the axial plane. Images were compared with pre-operative CT to provide a baseline understanding of the bony morphology of each temporal bone. For pragmatic purposes, the level of the lateral semicircular canal was used to delineate antrum from mastoid. A representative image obtained 6 years after tympanomastoidectomy is displayed in Figure 1 and shows the stark contrast between a severely opacified post-operative mastoid and a completely clear contralateral mastoid. Two scans revealing acute rhinosinusitis or middle ear effusion were excluded in order to control for the confounding effect of transient opacification of the mastoid related to upper respiratory illness.
At the completion of the radiographic review, opacification scores (OS) from the non-operative ears were analyzed in order to define the range of OS consistent with normal mastoid ventilation in such patients. As the otoscopic status of the contralateral ear had been reliably recorded in the database, contralateral ears with known pathology, such as chronic otitis media and persistent retraction, could be identified and were excluded from this portion of the analysis. Patients with a history of bilateral surgery for cholesteatoma were also excluded from the contralateral assessment. After exclusions (5 patients with contralateral chronic otitis media and 2 with bilateral cholesteatoma), 26 contralateral ears were deemed representative of normal. In order to confirm that the group of contralateral ears did indeed represent a different population than the surgical ears, a paired analysis was performed. A Wilcoxon signed rank test demonstrated that the observed difference in OS between paired surgical and contralateral ears was statistically significant (p<0.01), so the null hypothesis that the paired samples were from the same population was rejected. The median mastoid OS in the contralateral group was 1 with a range of 0-2. Thus, a score of ≤2 was defined as the range for normal mastoid ventilation in this sample. The mastoid OS from the post-operative ears were dichotomized as "normal" or "abnormal" based on the range of normal defined by the contralateral assessment. The primary outcome measure for this study was to determine the proportion of normally ventilated mastoids after CWU surgery based on this definition.
Secondarily, a subgroup comparison of mastoid ventilation was made between the two surgical groups: A) those who had undergone mastoid-sparing trans-canal surgery and B) those who underwent combined approach tympanomastoidectomy (CAT). The proportion of normally versus abnormally ventilated mastoids was compared with Fisher's exact test. Raw antrum and mastoid OS were also compared between the two surgical groups using the Mann-Whitney U test. SPSS software (IBM Corporation; New York, USA) was employed for all statistical analysis.
RESULTS
Magnetic resonance imaging studies were obtained after CWU surgery on 35 children (22 male and 13 female). Two scans were excluded secondary to the presence of acute rhinosinusitis. Two patients had a history of bilateral cholesteatoma; therefore, the total number of post-operative mastoids assessed was 35. The average age at the time of the most recent cholesteatoma surgery was 11.4±2.5 years, and the average interval between the last surgery and surveillance MRI was 4.3±1.4 years. Assessment of non-echo planar diffusion-weighted MR images revealed no cases of residual cholesteatoma. None of these ears has developed recurrent cholesteatoma in subsequent follow up (median 1.1 years, range 0-6.2 years).
Regarding the primary outcome for this study, the proportion of ears with normal mastoid ventilation after CWU surgery was 51% (18/35). The median mastoid OS was 2 after cholesteatoma surgery.
Demographic data are categorized by surgical approach in Table 2 . A transcanal approach was employed in 18 ears, and 17 ears were treated with CAT. The median Mills stage [20] at the time of initial surgery was 2, representing the number of subsites within the tympanomastoid system that contained cholesteatoma. Eleven ears required second-look procedures, 3 ears required a third-look, and 1 ear underwent a total of 4 surgeries for cholesteatoma; all of these were completed prior to MRI. The decision to perform CAT was generally driven by the extent of disease as evidenced by the higher Mills stages recorded for the CAT group. The more extensive disease in the CAT group also accounts for the higher requirement for subsequent surgery. Of note, there is no difference in the time interval from last surgery to MRI between the two groups.
When looking at the raw OS for antrum and mastoid area separately (Figure 2, 3) , it is found that the mastoid area was more likely to be opacified than the antrum after mastoid-sparing transcanal surgery (p=0.002; Mann-Whitney U test), whereas both areas were equally likely to be opacified after CAT (p=0.420; Mann-Whitney U test). Furthermore, the mastoid area was more likely to be opacified after CAT than mastoid-sparing surgery (p=0.036; Mann-Whitney U test). Although these findings are consistent with somewhat better ventilation after mastoid-sparing surgery, overall there is no significant difference in the proportion of ears with normal or abnormal ventilation after CAT or mastoid-sparing surgery (p=0.318; Fisher's exact test) (Table 3) .
DISCUSSION
Magnetic resonance imaging can be used to provide insight into post-operative mastoid function. We have found that 50% of mastoids are opacified after CWU cholesteatoma surgery. This demon- strates that normal ventilatory function cannot be guaranteed after CWU cholesteatoma surgery whether a cortical mastoidectomy is drilled or not. Further research will determine whether this measure of mastoid health can be used to predict risk of recurrent cholesteatoma.
Magnetic resonance imaging is clearly advantageous over other techniques for assessment of mastoid function, such as CT scan, nitrous oxide-induced middle ear pressure change, or exploratory surgery (i.e., second-look surgery) [21] as being totally non-invasive. Although reliable distinction cannot be made between fluid and soft-tissue scarring, at the very least, sufficient information is available from MR images to dichotomize mastoids into those that contain water-rich opacity from those that do not. Another shortcoming of MRI is the inability to distinguish air from bone. However, surgical experience of staged and revision tympanomastoid surgery shows that while some limited cortical regrowth can be expected, osteogenesis resulting in obliteration of the mastoid and antrum does not occur spontaneously. It is therefore realistic to assume that an "empty" antrum on post-operative MRI is pneumatized, especially when pre-operative CT is used for evaluation of antrum morphology as in this study.
The present findings are consistent with our prospectively accrued, as yet unpublished, data collected at the second stage of CAT, which reveal that the mastoid is opacified with mucosal scar tissue in approximately 50% of cases. Similarly, Takahashi et al. [21] has shown with CT evaluation that the potential "air reservoir" created with the first stage of CAT tends to become filled half of the times-sometimes with scar tissue and other times with fluid-filled cysts.
Takahashi et al. [21] also assessed tympanomastoid gas exchange using intra-operative pressure recordings before and after inhalation of nitrous oxide. Nitrous oxide administration failed to elicit a pressure increase within the mastoid in 5 ears, all of which were opacified on CT. This correlation between mastoid opacification and impaired mucosal gas exchange led the authors to conclude that mucosal preservation at the time of mastoidectomy may play an important role in the restoration of mastoid aeration post-operatively. In contrast, our subgroup analysis suggests that preservation of mastoid gas exchange surfaces by a mastoid-sparing transcanal approach does not increase the likelihood of a healthy, well-aerated post-operative mastoid when compared with drilling a cortical mastoidectomy for CAT. Because of our small sample sizes, however, type II error is certainly possible.
In the present series, cortical mastoidectomy was only drilled in ears with more extensive disease. Clearly, disease severity was an uncontrolled variable that might also be expected to contribute to the incidence of post-operative scarring. Consequently, we cannot claim from these observations that cortical mastoidectomy has no beneficial effect on mastoid function. Nevertheless, based on the current findings and those previously reported by Takahashi et al. [21] , one should not assume that a surgically enlarged mastoid will always function as an air reservoir. Further research would be required to determine whether or not alterations in technique might increase the likelihood of establishing a healthy mastoid cavity capable of functioning as an air reservoir.
Limited by a retrospective design and small sample size, further subgroup analysis could not be performed in the present study. As such, the relationship between the extent of mucosal preservation in mastoidectomy cases and post-operative aeration proposed by Takahashi et al. [21] was not evaluated. The surgical philosophy followed in this series was to drill the smallest cortical mastoidectomy necessary to safely remove the cholesteatoma, thereby sparing mucosalized air cells whenever possible. While it remains possible that a concerted effort to preserve more mucosa at the time of mastoidectomy could improve post-operative aeration, the dilemma lies in determining just how much mucosa to leave behind. If too much mucosa remains, the surface area/volume ratio within the mastoid can exceed that of the tympanum. When this occurs, modeling predicts that the mastoid can be expected to act as a gas sink, even if adequately aerated [22] .
Rather than contend with the predicament of surgically optimizing the surface area/volume ratio within the mastoid and trying to achieve a ventilated space, one might instead opt to dismiss the reservoir theory altogether. Mastoid obliteration has been employed for over a century and represents an alternative approach to the management of chronic ear disease [23] . One purported advantage of obliteration is the removal of the mastoid mucosa from the pressure equation, albeit at the expense of any benefit afforded by mastoid air volume [24] . This alternate theory has recently been supported by a mathematical model demonstrating that gas exchange after obliteration can actually mimic that of a large-volume middle ear cleft [16] . In this context, and in contrast to traditional expectations of healthy mastoid function, it is intriguing to speculate whether a mastoid system that becomes completely opacified by scar tissue after CWU surgery would behave more similarly to an intentionally obliterated mastoid and have a lower rate of cholesteatoma recurrence. Further investigation of this concept is required as other mechanisms could also lead to recurrent disease. Scar contraction after mastoid obliteration with fat has been reported [25] , so it could also be speculated that contraction of obliterative scar tissue in the mastoid might contribute to recurrent cholesteatoma by pulling on the reconstructed tympanic membrane or scutum.
This study highlights post-operative MRI as an ideal tool for future investigation of the contribution of these different mechanisms to recurrent cholesteatoma. Longer follow-up than is available with this dataset is required to determine if the risk of recurrent cholesteatoma can be predicted from MRI assessment of mastoid aeration. If a relationship were established, though, MRI could conceivably be used to help guide the frequency and duration of post-operative monitoring for cholesteatoma recurrence. Specifically, in the pediatric population where the risks of ionizing radiation are magnified, future investigation into any correlation between MRI appearance of the mastoid and risk of recurrent cholesteatoma is certainly warranted.
Conclusion
The mastoid frequently fails to become normally ventilated after CWU cholesteatoma surgery. Mastoid-sparing transcanal surgery does not significantly increase the likelihood of normal mastoid ventilation compared with CAT surgery. MRI provides a non-invasive tool to assess mastoid function, which contributes to the current debate on optimum surgical strategies for management of the mastoid in cholesteatoma surgery. Long-term follow-up will ultimately help to determine whether recurrent cholesteatoma really is more commonly associated with a ventilated or opacified mastoid.
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